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Length ______ _ 
Time ___ ____ _ _ 
Force _______ _ 
Symbol 
l 
t 
F 
AERONAU'rICAL SYMBOLS 
1. FUNDAMENTAL AND DERIYF,D UNITS 
Metric 
Unit 
meter _________________ _ 
second ____ __ _______ __ _ _ 
weight of one kilogram ___ _ 
Symbol 
m 
s 
kg 
English 
Unit Symbol 
foot (or mile) _ _ _ _ _ _ _ _ _ ft. (or mi.) 
second (or hour) _____ _ _ sec. (or hr.) 
weight of onepound ____ lb. 
Power __ _ __ _ _ _ P kg/m/s_ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ __ _ _ _ _ _ horsepower _ _ __ ___ _ _ _ _ hp 
S d {kID/h_ ___________ ______ k. p. h. mi./hr._______________ m. p. h. 
pee -- -- --- - -- -------- m/s_ ___________________ m. p. s. ft./sec .___________ ____ f. p. s. 
2. GENERAL SYMBOLS, ETC. 
W, Weight = mg mk2, Moment of inertia (indicate axis of the 
radius of gyration k, by propel' sub-
script). 
g, Standard acceleration of gravity =9.80665 
m/s2 =32.1740 ft./sec.2 
m, Mass = W g 
p, Density (mass per unit volume) . 
Standard density of dry air, 0.12497 (kg_m-4 
82) at 15° C. and 760 mm=0.002378 
(lb .-ft .-4 sec.2). 
Specific weight of "standard" air, 1.2255 
kg/rn3 = 0.07651 lb./ft.a. 
s, 
Sw, 
G, 
b, 
Area. 
Wing area, etc. 
Gap. 
Span. 
Chord. C, 
b2 S' Aspect ratio. 
J.I., Coefficient of viscosity. 
3. AERODYNAMICAL SYMBOLS 
V, True air speed. Q, Resultant moment. 
q, 
L, 
D .(.) t v" ynaIDlc or lID pact pressure = 2 p •• 
Lift, absolute coefficient GL=:S 
n, Resultant l1ngular velocity. 
Vl 
p-' Reynolds Number, where l is a linear 
J.I. 
dimension. 
D, Drag, absolute coefficient Gv=:!s e. g., for a model airfoil 3 in. chord, 100 mi./hr. normal pressure, at 15° C., the 
conesponding number is 234,000; 
0, 
Profile drag, absolute coefficient ODo=~S 
Induced drag, absolute coefficient Gvt=DqS GrJl 
Parasite drag, absolute coefficient Gvp = ~S 
Cross-wind force, absolute coefficient a, 
G 
or for a model of 10 cm chord 40 mis, 
the corresponding number js 274,000. 
Center of pressure coefficient (ratio of 
distance of c. p . from leading edge to 
chord length). 
Angle of attack. 
Angle of downwash. GC=qS 
Resultant force. R, 
ao, Angle of attack, infinite aspect ratio. 
cxt, 
~w, Angle of setting of wings (relative to aa, 
thrust line). 
Angle of stabilizer setting (relative to 'Y 
ilirust line). 
Angle of attack, induced. 
Angle of attack, absolute. 
(Measured from zero lift position.) 
Flight path angle. 
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MEASUREMENTS OF FLOW IN THE BOUNDARY LAYER OF A l/40-SCALE MODEL 
OF THE U. S. AmSHIP " AKRON" 
By HUGH B. FREEMAN 
SUMMARY 
This TepoTt pTesents the Tesults oj meaSUTements oj 
flow in the boundary layeT oj a 1/40-scale model oj the 
U. S. airship "Akron" (" ZRS- 4") made with the 
object oj deteTmining the boundaTy-layeT thickness, the 
point oj transition jrom laminar to turbulent flow, and 
the velocity distTibution in the boundaTY layeT . 
The boundaTy-layeT thickness was jound to VCLTY along 
the 19.62100t hull jTom 0.08 inch at the most jOTwaTd 
station, about 15 inches jTom the nose, to appToximately 
10 inches at the tail . A marked increase in the Tate oj 
thickening oj the boundary layer was jound at the transi-
tion jTom laminaT to tUTbulent flow which occurred at 
a Reynolds Number (~a) oj about 814,000, where (a) 
is the axial distance jTom the nose. The velocity dis-
tTibution oveT the greater paTt oj the turbulent portion oj 
the boundaTY layeT was jound to be jaiTly well approxi-
mated by the seventh-power law. The jTictional drag, 
computed jrom the lo s oj momentum in the boundary 
laye?' and also jTom ClaTk Millikan's equations, was in 
good agreement with the measured dTag . 
I NTROD UCTIO 
Measurements in the boundary layers of streamline 
bodies have shown that the flow, similar to that over 
flat plates placed edgewise to the air stream, is laminar 
for a certain distance from the no e, then becomes 
turbulent, and that the velocity distribution in the 
laminar and turbulent portions is similar to that 
deduced by BIa ius and Von Karman, respectively. 
(References 1 and 2.) 
The point of transition from laminar to tLubulent 
flow is of great interest in the study of the drag of 
streamline bodies since its variation with Reynolds 
Number and with the initial degree of turbulence in 
the air stream approaching the body has been shown 
by Jones (reference 3) and by Dryden and Kuethe 
(reference 4) to be largely responsible for the wide 
diIrerence found in measurements of the drag of 
different airship models and of the same model in 
different wind tunnels. The velocity distribution and 
the extent of the boundary layer are of interest in 
verifying equations, such as those of Clark Millikan 
(reference 5), derived to account for the skin friction 
of streamline bodies in axial flow. 
The subject tests, which were undertaken in con-
jUllction with the measurements of (1) the forces and 
moments on the hull, (2) the elevator forces and hinge 
moments, and (3) the pressure distribution over the 
hull and fins of a 1/40-scale model of the Akron (refer-
ence 6), were made with the object of determining the 
velocity distribu tion in the boundary layer, the exten t 
of the boundary layer, and the point of transition from 
laminar to turbulent flow. The frictional drag, as 
computed from considerations of the changes of 
momentum in the boundary layer and from Millikan's 
equations, is also presenteel and compared to the 
measured drag. 
Two advantages are oifered by the large size of the 
model and by the N. A. C. A. 20-foot propeller-
research tunnel in which the tests were conducted. 
The first is that the boundary-layer test apparatus 
may be rigidly attached to the interior of the model, 
allowing greater accuracy in the measurement of di -
tances than is possible by the method of mounting the 
apparatus separately and approaching the model 
through the wind stream from the outside. The 
second is that the tests may be made at a Reynolds 
N umber considerably higher than any previously 
obtained in tests of a similar nature. 
APP ARATUS AND TESTS 
The airship model, shown in Figure 1 mounted in the 
propeller-research wind tunnel, is of hollow wooden 
con truction having 36 sides over the forepart of the 
hull that faired into 24 sides near the stern. The sur-
face wa given a fine and fini h, then varnished, paint-
ed, and finally finished with fine sandpaper, giving n 
urface which was probably as smooth a that of a 
well-doped fabric urface. Th length of the model is 
19 .62 feet, the maximum diameter 3.32 feet, and the 
finene s ratio 5.9. 
The tube and accessory apparatu u ed in measur-
ing the total head in the boundary layer are shown in 
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Figure 2 . The appara tus wa bol ted to the in torior 
tI"uctUl"e of the hull in a manner uch that the total-
head tube haft, which pa ed through a mall opening 
in the hull of the model, was normal to the smrace. 
A motor-driven cr w thread governed the distance of 
the total-head tube [rom the hull and operated, by 
mean of an eccen tric and con tactor, an electric counter 
which gave th is di tance dire tly in thou andth of an 
inch. The end of th total-head tube, fashioned hom 
a copper tube whose out ide diameter wa approxi-
the urface of the hull at eILch station ILt which the 
mea uremen t were made. 
A small hole, drilled into the bras plate, adjacent to 
the total-head tube, served as an orifice at which the 
tatic pre ure was measured. Both the total-head 
tube and the static-pressure orifice were connected to 
micromanometer in the te t chamber below. 
Mea urements of the total head and of the tatic 
pressure were made at 10 station along the hull 
spaced approximately 2 feet apart. The location of the 
FIG URE I. - Airship model Akron Illounted in wind Lunnel 
mately 0.02 inch, was pre sed into a rectangular hape 
wiLh a depth or opening of 0.0034 inch. The wall thick-
ness wa ground down to 0.0032 inch so that when the 
tube wa in contlLct with the surface of the ·huH the 
di tance from the center or the opening to the hull wa 
0.0049 inch. 
Contact between the total-head tube and the ur-
face of the hull was indicated by the lighting of a neon 
bulb which wa connected in eries with the total-
head tube and a bra. pIa te set into, and flu h with, 
stations is hown in FiO"ure 3. A total-head survey, to 
determine tho depth of Lhe boundary layer only, wa 
also made at an additional station near the tail of the 
model with a V -inch copper tube supported from ou t-
ide the wind tream. 
The test procedure was to take the fir t reading with 
the tu be touching the hull and then to move away from 
the hull in O.OOl-inch step, taking readings each time 
out to 0.015 inch from the hull. The length of the 
step was then increa ed gradually until the tube 
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approached the limit of the boundary layer, where the 
distance between ob ervation points was decreased 
again. Tests were made at three values of the dynamic 
pre sure ('1.= 12.5, 19, and 25.6 pounds per quare foot) 
FIGUIlE 2.-Apparaius used for measuring iotal head in the boundary layer-airship 
model Akron 
corresponding to velocities of approximately 70, 6, 
and 100 miles pel' hour, respectively. 
PRECISION 
The maximwn departure of the observed wind-
tunnel velocity from a mean value was about ± 0.6 
per cent. The accuracy in the outer portion of the 
boundary layer was about ± 1 per ent but decreased 
rapidly for values in the inner portion. 
A calibration of the tota l-head tube against a tand-
ard Pra.ndtl-type tuhe howed that it readings were 
about 2 per ccnt low over the range of peeels of the e 
tests . The calibration, made with increasing speed 
and again with decreasing speed, showed no appre-
ciable t ime lag. 
with the hull. A second error of ± 0.002 inch is pos-
sible because the brass plates et into the hull at each 
tation may not have been exactly flu h with the Ul"-
face. A third small error is po sible owing to the fact 
that the velocity computed from the pre sure at the 
mou th of even a very small tube, placed in <1 velocit:v 
gradient, is not necessarily the san1.e as tha t at the 
g ometrieal center of the tube. (Reference 7.) 
Although these inaccuracie eliminate the possibility 
of determining the intensity of friction from the slope 
of the velocity curve at the surface of the hull, they arc 
negligible in the determination of this quantity from 
the changes of momentum in the boundary la yer and 
in the determination of the boundary-layer thickne s 
except at the mo t forward position, where the layer 
is very thin. 
RESULTS A D DISCUSSION 
The observed results of the measurements of the 
total head, the dynamic head, and the ,' elocity in the 
boundary layer are pre en ted in Table 1. The total 
head and the dynamic pres me are giyen in term o[ the 
dynamic pres me in the free air tream, the ,-clocity 
a a fraction of the velocity j llSt outside the boundary 
layer at the particular tation in question. The ,-alues 
for the ratio of the ,' elocity in the boundary layer to 
that jut outside the boundary layer arc plotted [or all 
of the tations in Figure 4. 
The total head in the boundary layer increase with 
the di tance from the surface until it eyentually ap-
proache a con tant yalue. The eli tancc from the 
hull (y) at which this occurred has been (Ie igllllted as 
the boundary-layer thickne O. An estilllllte of th i 
value wa made by fairing the }"('sults. The totlll-h<.'ad 
value were fir t plotted against the eli lance from the 
hull and the limiting YHllIe to which tIl<:' cune t<.'ndecl 
\Va determined. The yallie of y at whi('h the toLal 
head became cqual to thi limiting \'HllIe WH then 
determined [or each tation and plotted again t the 
I - /5.5 ~ 28.54;' -52 73' 74. 73'-~ 94.23" J_ / 19.60"! 1,]8.98"- -159.92' " 
o .] 4 5 6 7 
~ Outline of hull 
~Limit of boundary layer 
FIr.URE 3.-Locaiion of stations at which boundary·layer measurements were made-airship model Akron 
The relative distances y of the total-head tube from 
the hull are considered in general a accurate as the 
crew which governed thi di tance. The ab olute 
distance, however, may be in eITor as much as + 0.001 
inch becau e the electrical system was not ensitive 
enough to indicate exactly when the tube made contact 
distance along the axi. ince there appeared to be 
no con i tent difference in the thickne for the three 
peeds a mean yallie was determined [or ('llCh tation. 
The e values are plotted in Figur 4. The boundary-
layer thicknes varies along the 19.62-foot hull from 
0.08 inch at the most forward station to approximately 
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10 inche at the extreme tail. The variation is approx-
imately linear over about 60 per cent of the length, but 
increases very rapidly over the after portion of the hull 
as the cross section of the hull decreases. 
A sudden increa e in the boundary-layer thickness 
was found to occur between stations ° and 1. In 
experiments on flat plates such an increase in thick-
ne s was found to occur in the region of transition 
from laminar to turbulent flow. (References 8 and 9.) 
Previous experiments on airship forms, however, have 
not shown this phenomenon. (References 1 and 2. ) 
Further evidence of a tran ition i shown by the plot 
of the curves of velocity distribution in Figure 5. 
1. 10 , 
The curve for the low speed falls closer to the laminar 
curve than the one for the high speed. The Reynolds 
Number (~a = 814,000, where V is the free-stream 
velocity and a i the a..-xial di tance from the no e) 
for this po ition at the low speed is in agreement with 
the re ults of Ower and Hutton who found a transi-
tion to occur between values of 570,000 and 940,000. 
(Reference 2. ) 
The values of U /U6 are hown in Figure 6 plotted on 
logarithmic paper against value of y/o for 5 station . 
The points fall on a slightly sinuoll s curve which may 
be fairly well approximated by a straight line, that i , 
? j 
r-tr' I" ~ _ x= ~L x . ·...-x_ x- x tt'. . .-:...-~- ~ - I !r-1.00 x_ x / x )(/. ~~,/J/, ~~ • ~---Ex ~ ---"9 Sfalior: I . x :...--x"'- _ i7A~~~> /" /~/ &V-' .90 
-I-
x t ili}k/ /x/ ..............- / /" 7/1/;%'> x V' 
- l- i- '--- / i'f/ll)/ V -~ -- -- - V /' ~r~V I-- -c- I- - I- --~ -- - c---f -l-I : . l . -- -- ;- I---- I- --- -- - l- I --r-----:-; / I 
5.0 - - - c--- ~ - -~-- - - -- if 
.-j iif I 
.80 
"1 4.0 / 
x II - t- /1;1- I-I/) 1! 3.0 f- - - I- - -
l> Y.'v-'~ l-s I-- l- . '0 20 - r-- h+ 
~ ~ r--- - ,-.::-:: ~ 1--'-
1.0 ~ ---0- Experimental 1- - PJ - --0-' Millikan 's equallOns- --
~ p -+-F~rlfr I~ ~ - I- - I- -.J __ 
.20 
--0 .Ie ~O 3f I ,50 60 ~o ~~ ti 1'1~ _ a _ i-~, 
.10 
o .40 80 /~ 100 200 2~ 200 3.~ 3.00 4.00 4.~ 4.00 
Dlslance from hull (y). Inches 
FIGURE 4.- Velocity distribution in the boundary layer and boundary-lay or thickness along the hull-airship model Akron 
The curves for all of the stations, with the exception 
of the mo t forward position (station 0) approximate 
the form which i characteri tic of turbulent ilow. 
Curves for both the high and low speeds have been 
plotted for position O. The re ults for the intermediate 
speed which are practically the same as those for the 
high speed are not shown. These curves re emble 
more closely that typical of laminar flow, the approxi-
mate form of which is al 0 hown. 'fhe form of these 
CUTve and the fact that the CUTves for the two speeds 
do not agree indicates that the flow at this position is 
not strictly laminar but has already started to change. 
by an equation of the form U/U6 = (y/o) lIn. except 
for that portion of the curve for which the tube was 
very close to the hull. The values of n vary from 
6.4 at station 1 to 7.2 at tation 5 and decrease again 
to 6.2 at tation 9. For the tation 4 to 8, inclu ive, 
the value of n is approximately 7. This region cor-
responds to that of low CUTvatUl'e of the hull and of 
low static-pressure graclient in the tunnel. A small 
increase in the value of n wa observed with an increase 
in velocity. 
The average values of the static pressUl'e mea urecl 
at the various stations are plotted in FigUl'e 7 and 
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compared to the average pressures about the hull 
determined by pressure-distribution tests (results 
not yet published). The two sets of values are in 
good agreement except in the critical region at station 
100 1l11--r~---'---'-"l-r-TV-r--tr=l::::=f.= ..T.,":, •. r.'i~t-=~~~F~";'l!. ;:!i~::=~ •..!l!Y'1"'"1' 
/ .o-:»~ .SO~r1-+-+-b~I~L~L.,,+~~3,·~./~~/~+-~~~-+-b~ 
. ..,vIv· / / . 80~~~~~~ .. ~~.r;~~4-~/~4-~~74r-+-+-+-+-+-+-+-+-+~ 
i ~ 1/ 
.60 f </ i I 
~ ~~I~/~:~1+~/-4-4-+-+-+-+-+-+-+-+-+-+-+~ 
'--..50 
:::l i 
f f I . 40ll-h'1/~V'1±-l-.j,,,-+-+,,, U / U li = 2 y/ o-2(y/{W + (y/6)'" I-
laminar (approximate) +-+--+.--I--I 
..' / 0 Position 0 high speed+-+--+'--I--I 
.30 / 1/ / + Position 0. low speed 
I I' x Position I -+-+-+-+-+--+-~~-l 20 II 0 Position 5 -+-+-+-+-+--+--+---1---1 
. 11.1 I '" u/ u li = (y/6}1/7j j j 
I / turbulent (approximate) 
. 10. fr.,c,/ f--Ir-t-t-t--t-'V I P~sii'0l ~ 
~/ 
0. ./0 .20 .30. .40 .50 .60. .70. .80. .SO 1.00. 
y/6 
FIGUR>: 5.- Velocity distribution for laminar and turbulent portions of boundary 
layer-airship model Akron 
O. The values plotted are the pressures measured 
with reference to the static pres me in the test chamber 
and have not been corrected for the tunnel walls or 
/ 0. 
0.8 
0.6 
0.5 
/.0 
08 
0.6 
05 
/0 
~"'D8 
'--. 
';JD6 
0.5 
10. 
0.8 
0.6 
0.5 
10 
0.8 
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FIGURE 6.-Logarithmic plot of \' elocity distribution-airship model Akron 
the variation of the static pressure along the axis of 
the air stream. This variation is given in the follow-
ing table. 
I 
aiL /0 1°' 1 1°.
2 
/0.3 1°' 4 /0.5 1°' 6 1°' 7 1°' 8 /0.9 /1. 0 I Plq. .032 .025 . 020 .017 .015 . 013 .Oll .010 .010 .011 . 013 I 
ESTIMATION OF SURFACE FRICTION FROM MOMEN-
TUM IN THE BOUNDARY LAYER 
A consideration of the changes in momentum of the 
air in the boundary layer as it flows around the airship 
hull allows the surface friction to be evaluated. The 
equation for the frictional inten ity is 
r of = tx1° (IIo - II) rdy - .Jia c~ 10 (.Jia - IgJ 1'dy 
where j-fricLional intensity. 
II-total head in the boundary layer. 
IIo-total head just out ide boundary layer. 
qo-dynamic pressure outside boundary layer. 
q-dynamic pre sure inside boundary layer. 
ro-l'adius of hull. 
r = r 0 + Y cos €x. 
a-inclination of hull to the axis. 
v-distance normal to hull . 
x-distance along surface measUl'ed from nose. 
The method of deri\Tation of this equation i similar to 
that ll sed by Yon Karman (reference 10, ee also refer-
1.0 
.8 
- - Pressure-dis tT/bution tests 
0 Boundary-layer tests 
I.A 
/ 
4' I 
0 io" o 
f--' r I ·1 
40 80 120 160. 200 240 
Dlslance from nose, inches 
FJ(iUH"~ 7. A\'erugo pres.-ures ahout hull frOIll pr6.';;,.".;u re distrihution test." COIH· 
pared to stalie pres,cHlre measured along one longitudinal ill houndary· layer 
tests-airship model .lkron 
ence 4) for the 2-dimen ional case and has Lherefore 
been omitted. The form of the equation given above 
( ugge ted by Ira II. Abbott of thi laboratory) i. 
more convenient for the nWl1erical computation than 
the alternate form for this equation derived by Clark 
Millikan (reference 5) in a different manner. It 
hould be noted that, in the derivation of the equation 
given above, the a umption ha been made that the 
pre ure at any point in the boundary layer, for any 
given section, is the sme as the pres ure measured at 
the urface of the hull at that section . 
The results of the two inteO'rations, determined 
graphically for each station, are plotted in Figure 
against the distance x and the resulting curves are 
designated A and B. These cur,es are differentiated 
graphically and the equation ohed for the frictional 
inten ity (j/qo) and for the frictional drag per foot 
run of surface C~oj cos a)- These values and the 
-_., 
J 
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velocity coefficient (u./V) for the different tations are 
also shown in Figure . The frictional intensity is a 
maximum at about 2 feet from the no e of the h ull. 
A second smaller maximum occurs on the after portion 
of the hull about 14 feet from the nose. Because of the 
scattering of the te t point on the after portion o[ the 
hull, however, the hape of the curve in this region i 
not at all certain . 
. 20 
1.1018 
:::.. 
~I.OO .16 
;:l 
.90 14 
. /2 
I 
, U6/ V 
V 
--
I--t--+--
taneou ly. This is the reason for the di continuity 
in curve D near the nose of the model. 
The frictional force on any small element of surface 
area may be divided into two components normal and 
parallel, respectively, to the hull a:.\.-is . The integra ted 
components parallel to the axis constitute the fric-
tional drag and enter directly into the forces mea ured 
on the wind-tunnel balance. The components of 
0 
/ 
I 
I 
V 
-; ~ ~ 
/ 
/ 
/ 
1/ 
'~=2f(H6-HJrdY 
go 
0 
/ 
/ 
/ 
0 I 
\ / / 
1\ II .06 
'\ / r, ~ 
I 
--
1-- --.... ~ C=1 B = 16(.;q;- ;QJrdy I 
-7 I -0- =:::::::-- qo, o ' qo 
.04 
I V ~ ~ --t--- ~ t:?~ : t--x:: 
I / -~-1----x ~ I?---~"');, I ! x- l-- D = cn'roi cos a 
- ~ ~~I ~ \---x. I qo I .~:: ~ I--x 
---x- I---x 
.02 
o 4 6 8 /0 /2 /4 /6 18 20 
x (ft.) = Distance from nose along surface 
FJG URE S.-FrictioDa l drag determined from Joss of momentum in the boundary layer-airship model Akron 
Because of the lack of experimental data over the I 
nose of the hull, the portion of curve D corresponding 
to the laminar flow over the nose was computed from 
Clark ifillikan's equations which are discussed later 
in this report and, as it i not known how the transition 
actually takes place, it was assumed to occur instan-
the forces normal to the a.xis have equal and oppo ite 
components on the opposite sides of the hull, at the 
arne section, and consequently the integrated resultant 
of these forces i zero. However, since the e frictional 
forces represent a loss of energy in the air stream, they 
must give rise to a pressure drag. 
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The following table gives a compari on of the in-
tegrated frictional drag and the measured drag for 
the three speed tested. The value listed are the 
usual coefficients based on the volume to the two-
thirds power. 
Dynamic pressure of 
free stream, qo------- 12.5 19. 0 25. 6 
Integrated frictional 
drag, C.____________ .0219 
.0214 .0207 
Measured drag (from 
force te t ), Cs------ .019 .0193 .0190 
COMPUTATION OF FRICTIO NAL DRAG BY MILLIKA '8 
EQUATIO 8 
For the derivation and di eussion of the equation 
II ed in the following computation the reader i 
referred to reference 5. I n the e equation for the 
boundary-layer thickness and the frictional drag of 
laminar and turbulent portions of the boundary layer 
the velocity di tribution wa a umed to be of the 
form 
for the laminar flow, where a, b, and c were con tant 
determined by the condition at the bOlmdarie , and 
the equation 
was a umed to hold for the turbulent portion. Th 
fir t assumption, about which the data of the subje t 
te ts do not give any definite information, is of econd-
ary intere t for Reynolds umber equaJ to or greater 
than those of the present tests because of the fact that 
0111y a small portion of the boundary layer.i laminar. 
The econd a umption, a far as the present tests are 
concerned, has been hown to be in fair agreement 
with the experimental re ult . 
The equation for the laminar flow are: 
. 01 30 (a) boundary-layer thIckness = L = R
'
• /0,{ L 
1 U~OI boundary-layer Reyno ds Number R~l=-= 
v 
(1) 
The frictional-drag coefficient for laminar flow i -
where a-distance from no e measured along the axis. 
L-Iength of model. 
VL R-Reynolds Jumber- ' 
v 
ol- thiclmess of laminar boundary layer. 
V-velocity of free air tream. 
a.-critical value of a at the transition point. 
Vol-volume of airship hull. 
(3 = cos a. 
a-inclination of hull to axi . 
14 
'" 
1 
1 
. . -- -R I'SC'vt 12 
- !--
R 'I2C'vl' h. ..;: 
v 
56 
48 
-, 
,/ 40 
32 / 
'-
V f': 
il 
-'. R 61 
R VS Cut 
24 
t/ 
17 
1/ ....... 
/L.,.--~ 2 
~ 
o .! .2 .3 
""- '--
V RI'2 r--t-
/8 I-~ 
t-.... 
.4 .5 .8 .7 .8 
a/ L 
08 
r--.. o 
.9 1.0 
FIGURE 9.-Contribution of laminar and turbulent portions of boundary layer to 
frictional drag (lIIiIlikan's equations)-airship model Akron 
For tmbulent flow: The boundary-layer thicknes 
1 -
~_ 0.370 T(!!:. Lac) \ L- R l /5 L' 
and boundary-layer Reynold J umber ROt = U~Ot j 
= 0.370 RI/5(~;) . l\ (2 ' ~) 
(3) 
where 
(
-La, ac _ 1 _ I r~(~~y7/7C;)5/4 a L)~ (,;;rniLJ'i ~ d(L) + (4) 
3 46 R l/4 -.E ( OC (
0 )5H(11 )115128(r )5/4J4!b 
. L l ' L 
The fritional-drag coe(ft('icnL for LlU'bulent flo\\' i -
0.3625 D V L a i l (U~)7 /4ro C.t = Rl 15 eVol)2/3 L 1/4 deL) (5) 
where Ot = urbulent boundary-layer thickne and ub-
cript c indi utes critical yaille aL tran ition point. 
The total Irictional-drag coefficient then equal -
.= .1 + C" 
In order to impliIy the computation it ha been 
a umed that the tra.n ition was in tantaneou and 
(2) that the flo-w behind the tran ition acted ju t a though 
the entire boundary had been bll'bulent from the nose 
- - - - - --- - - -
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of the hull. The result of this as umption is that the 
second term in equation (4) di appears, leaving N as a 
function of one variable (i) instead of two. The data 
used in these computations are given in the following 
table. . 
L= 19 .fi2 feel. 
( Vol)'/'= 23.65 sq. ft. 
aiL 
--
0 
0.01 
.02 
.03 
.0'1 
.05 
.06 
.07 
. JO 
.15 
.20 
.25 
.30 
.35 
.40 
.45 
.50 
.55 
.60 
.65 
.70 
. i5 
0 
. 85 
.90 
. 95 
1.00 
r.IL 
---
0 
0.0090 
.0210 
. 0297 
.0367 
.0-123 
. 0470 
. 050~ 
.0603 
.0707 
.0781 
.0812 
.0833 
.0843 
.0345 
.045 
. 0 41 
.032 
.0812 
. 07 4 
.0743 
.0686 
.0613 
.0522 
. 040~ 
.0277 
0 
f3 11.1 V 
----
0. 655 0 
.655 0.4 0 
.69 .710 
. 759 55 
50 .947 
.900 .995 
. 921 1. 024 
. 935 I. 012 
.965 I. 076 
.987 1. 093 
. 995 1.06 
.998 1. 075 
1.000 1. 066 
1.000 1. 058 
1.000 1. 053 
1.000 1. 053 
1.000 1. 054 
1.000 1. 057 
.999 1.060 
.998 1. 061 
.995 1.060 
.992 1. 053 
. 986 1.0{J 
.979 1. 021 
.970 .9 6 
.95 .931 
0 0 
The values of boundary-layer thickness computed 
from equations (1) and (3) are compared to the ex-
perin1ental value in Figure 4. The computed value 
for posi tion 0 is seen to be lower than the experimental 
value. This difference may, possibly, be accounted for 
by the fact, previously mentioned, that the flow at 
this po ition was not entirely laminar and the bOlmdary 
had. already begun to thicken. If the thickness is 
computed using the cquation-
0= 5.5 /vx V 110 
which is u ed to define thc boundary fo!' 2-dim cJlsional 
laminar [Jow, a value is obtained (0 = 0.0 3 ineh) which 
is in very good agreement with the expel'imen tal 
value. The values for the turhulent now are in good 
n,greell1ent over the hull except neal' the tail where 
both the theoretical and the experimental resul ts are 
less accurate. The boundary was also compu ted for 
the turbulent flow by use of the equation-
0=0.37(x - xo)4 /5 (~)/5 
where Xo distance, along the surface, from the nose 
to the point of transition. This is an extension (Zijnen, 
reference ) of Prandtl 's eq uation for fl at plates. These 
values (fig. 4) are in close agreement with the experi-
mental value up to 60 per cent of the length of the 
hull. Over the after portion of the hull, however, the 
computed values are much too low. 
The contributions of the laminar and turbulent fl ow 
to the frictional drag RYl v I and RUGv t were com-
puted from equations (2) and (5), respectively, and 
are shown in Figure 9 plotted against the ratio aiL. 
By a suming a value of RO l at which the tran ition 
tal(es pJace, value of aiL, RYlGvl , and RUG. t may be 
taken from the curves and the frictional drag of the 
model computed for any range of the R eynold 
umber, R. The transition curve for the Akron 
model was computed in this way, assuming a value of 
R oI = 3,620 corre ponding to the experimentally deter-
mined value of aiL = 0.07 for the critical point at 
which the laminar {low breaks down . This curve and 
the curve for the limiting cases where the flow i 
entirely laminar and entirely turbulent are shown in 
Figure 10 compared to the mea m'ed drag of the model. 
For the limiting cases the equation Gv l = 10.95R-Yland 
G v t = 0.554 R-U, obtained by a slU11ing critical value 
ac ac 
of L = 1 and L = 0, respectively, were u ed. The 
abscis as here are not R = pVL but Rv=PV(Vol)~ 
}J. }J. 
since mo t of the experin1ental results are given in 
terms of the latter quantity. The computed transition 
curve is seen to be in very good agreement with the 
mea med result. The fact that they are almo t in 
exact agreement is probably fortuitous. 
The result of drag measurements in the variable-
density tLffinel on two models of the Akron are al 0 
shown in Figure 10. The wooden model, 1/200-scale, 
of polygonal cross section was imilar to the model 
u ed for the subject te t . (See reference 11. ) The 
second model, for which the results have not yet been 
published, wa of circular cross section, metal, and 
1/250-scale. 
A, previollsly mentioned in this discll sion, the 
LneOl'e'Lie'n,l eq II aLions lI sed in Lhe n,hove compll tations 
we' l'e baseel on Lhc n,s ' llJnption that the ve locity 
distributiQJ1 , 1'0], the tllJ'bulent boundary layer, i ' 
approximated by the seventh-power law. Although 
this ha been shown to be true for the present model 
tests, there a re no experimental data available to show 
that it is true for the ReYJlolds umbel' of the ful1-
scale ail' hip. If it could be hown that the velocity 
distribution in the latter case was approximated by a 
simple power law, the above theoretical equation, or 
similar ones, would offer a reliable method of predicting 
the drag of full-scale airship hulls. It is therefore 
recommended that this research be extended to include 
boundary-layer tests, similar in nature to tho e of 
the present tests, on the full-scale air hip. 
CONCLUSIONS 
1. The bOlmdary-Iayer thickness was Jound to vary 
along the 19.62-foot hull from 0.0 inch at the mo t 
forward station to about 10 inches at the tail. 
2. A transition, evidenced by a marked increase in 
the rate of thickening of the bOlmdary layer and by a 
change in the character of the velocity distribution wa 
found to occur about 15 inches from the nose of the 
hull. 
I 
I 
I 
J 
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3. The velocity distribution was found to be ap-
proximated fairly well by an equation of the form 
U/Uli = (y/o)J/" where n is approximately 7 over the 
central portion of the hull but decreases to 6.4 and 6.2 
near the forward and after extremities, re pectively. 
4. The frictional drag computed from the loss of 
momentum in the boundary layer and from Clark 
0.0.5 
0..0.4 Completely fur bulen! 
0.0.3 
x 
-
I 
QDe I 
R 61 3620. 
t--- -
-
3. Jones, B . M.: Skin Frict ion and the Drag of Streamline 
Bodies. R. & M. No. 1199, British A. R. C., 1928. 
4. Dryden, H. L., and Kuethe, A. M.: Effect of Turbulence in 
Wind-Tunnel Measurements. T . R. No. 342, N. A. C. A., 
1930. 
5. Millikan, Clark B .: T he Boundary Layer and Skin Friction 
for a Figure of Revolut ion . A. S. M. E., Tra ns . Vol. 
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, 
I 
. T. ' P.R 
-
1-'- t--~ v.D. T. (wooden model) t-- ~ 
!j' 
'0 
f-- .. -
§ 
(yO.DI 
0; 
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.005 
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i 
- T t ~l -til 
-- Hi - - Comple '-ely 10mmF - -- - . -f--
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.0.0.3 
t+ 
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Rey n olds Number = - . v--
j<' IClUItE IO.- Comparison of cOJllputed frictional drag (Millikan's equations) and exporimental results-airship model Akroll 
Millikan's equations was in good agreement with 
experimental results. 
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TABLE I 
BO ND ARY-LAYE R DATA FOR MODEL OF . S. 
'T ATIO J 0 
o/L=0.rYJ6 
0=0.080 inch 
"AKRO J" 
I Avemge Qo=25 .6 Ib ./sq. fl. I q.=19.0 Ib./sq. ft . q.= 12.5 Ib./sq . ft. 
~~i~n~~h~~·I~~_q-[_~~~--;I~~~f~.~~'_-_-_-~_:-_~ I~~-i_n-~_-h_-~,--f-~-'I---:.---;I--~-:--II--i-nY-CI-,---'---~-~-I'--q-q.-""--,:-,.-1 
, 
I 
0. 005 
.006 
.007 
.008 
.009 
. 010 
. 011 
. 012 
. 01 3 
. 01 4 
. 01 5 
.017 
. 021 
. 025 
.035 
.056 
.081 
. 105 
. 131 
.155 
. 1 . 
.207 
0.005 
.006 
.007 
.008 
.009 
.010 
.0 11 
.012 
.013 
.015 
.017 
. 020 
.025 
.035 
.055 
. 080 
. 105 
. 155 
. 205 
.255 
.280 
.305 
.330 
.355 
. 405 
.505 
.755 
0.005 
.006 
.007 
.00 
.009 
.010 
.01 1 
. 01 2 
.013 
. 014 
.015 
.017 
.020 
.025 
.035 
. 055 
. 080 
. 105 
. 155 
0.0 2 
.0 
.102 
.136 
.186 
. 221 
.2 
. 300 
.318 
.362 
.397 
.480 
.602 
.722 
. 932 
I. 033 
I. 04 1 
1. 0-l 1 
I. 04 1 
1. 0-l 1 
I. 045 
I. 041 
0.103 
. 106 
. 153 
. 19 
.243 
.253 
.277 
.2117 
.302 
.322 
.343 
.369 
.392 
.448 
.528 
.622 
.700 
.834 
.954 
1. 023 
I. 040 
1. 05 1 
I. 060 
1.062 
1.062 
1. 060 
1.066 
0.053 
.061 
. 094 
.137 
. 172 
.207 
.207 
.230 
. 244 
.246 
.258 
.272 
.284 
.30-l 
.346 
. 415 
.466 
. 517 
.59 
0.139 
.140 
.1 58 
.190 
.233 
.264 
.304 
.347 
.363 
.409 
.445 
.525 
. 648 
. 766 
.971 
1. 064 
I. 078 
1.077 
1.077 
1.077 
I. 086 
I. 077 
0.232 
. 251 
.284 
.333 
. 376 
.3 5 
.406 
. 427 
.432 
. 454 
.473 
.498 
.522 
.582 
.659 
.750 
.835 
.966 
I. 085 
I. 151 
I. 172 
1. 182 
1. 192 
1.192 
1. 190 
I. I 7 
I. I 0 
0.164 
. 174 
. 206 
.248 
.284 
.317 
. 318 
. 3~0 
.356 
.358 
.370 
.383 
.395 
. 417 
.461 
.530 
.581 
.635 
.716 
0.359 
.360 
.384 
.421 
.465 
. 495 
.532 
.568 
.581 
.617 
.645 
.681 
. 778 
.84 
.95·1 
.999 
1.000 
1. 000 
1. 000 
1.000 
1. 003 
I. 002 
0.442 
.43 
.486 
.529 
.562 
.566 
.581 
. 59 
.599 
. 615 
.630 
.645 
.660 
. 697 
.741 
.789 
.83'1 
97 
.948 
. 979 
. 987 
. 991 
.996 
.99 
. 996 
.995 
.994 
0.375 
.386 
.425 
.461 
.404 
. 523 
.524 
.541 
.554 
.556 
.56-1 
.575 
.582 
.597 
.6211 
.675 
. 706 
.736 
. 784 
0.005 
.006 
.007 
.00 
.009 
. 010 
.011 
.0 )2 
.0 )3 
.0 )4 
.015 
.017 
.020 
.025 
.030 
. 035 
. 060 
. 080 
. 105 
.13 1 
.155 
. 205 
.256 
.305 
0. 005 
. 006 
.007 
.00 
.009 
. 010 
.0 11 
.012 
.013 
. 0)4 
. 015 
.017 
.020 
.025 
. 03!; 
. 055 
. UX7 
. 106 
. 1311 
. 155 
. 1 I 
.205 
.231 
.255 
.280 
.305 
.355 
.406 
.50.1 
.7.15 
0.0 .1 
.006 
.007 
. 008 
. 009 
.010 
.011 
.012 
.013 
.014 
.015 
. 017 
.020 
.025 
.036 
.055 
.080 
. 105 
.130 
I 
0.076 
.092 
. 110 
. 137 
.174 
.236 
.24 
.2112 
.314 
.358 
.394 
. 459 
.544 
· 69~ 
50 
. 92 1 
I. 025 
I. 0-12 
I. 0-11 
I. O~O 
I. 0~4 
I. 036 
I. 0-l0 
1.038 
0. 122 
.145 
.1 
. 179 
.215 
.266 
.2117 
.344 
.357 
.408 
.444 
.512 
.593 
.739 
9 
.958 
1.060 
I. 075 
1.075 
I. 076 
1.077 
I. 071 
I. 074 
I. 074 
ST AT IO 
"/£=0.121 
0=0.35 inch 
0.084 0. 217 
.121 .255 
.136 .273 
.192 .329 
.225 .356 
,256 . 391 
.276 .407 
.2112 .419 
.302 .434 
.313 .445 
.320 .452 
.3:)2 .465 
.370 .49 
.400 . i\2<J 
.440 .1i71 
· .)22 .652 
.625 .758 
. GOO .818 
.76H .895 
.831 .957-
. 894 1.018 
.939 1. O()l) 
. 987 I. 108 
1.012 I. 140 
1.028 1.160 
I. 0-13 I. 172 
1.0SH 1.180 
1.054 I. 177 
I. 050 l.lfi·1 
1.051 I. 11i7 
,'TATIO N 2 
"/£=0.224 
h=0.62 inch 
0.0-l0 0.153 
.046 .159 
· Of., .li9 
.108 . 219 
.149 . 261 
.171 .283 
. 210 .328 
.22IJ .347 
.227 .339 
.240 .352 
. 251 . 362 
. 262 .374 
.281 .394 
.305 .414 
.319 .459 
. 399 . 512 
.462 . 5i5 
.509 . 625 
.544 .663 
0.335 
.367 
.395 
.407 
.446 
.497 
.525 
.565 
.576 
.614 
.641 
.689 
.744 
.828 
. 930 
.944 
.991 
.999 
.999 
.999 
1.002 
.997 
1.000 
.99 
0.4211 
.464 
.480 
.5 
.547 
.574 
.596 
.606 
.612 
.619 
.627 
.650 
.669 
.69·1 
.742 
.800 
.H:l 1 
.869 
.noo 
.928 
.952 
.96 
.9 3 
.989 
.99 
1.001 
· UH7 
• !J<J:J 
• !J<J I 
0.360 
.369 
.391 
. 431 
.470 
.49 1 
.528 
.544 
.537 
.546 
.555 
.564 
.578 
.593 
.62-1 
. 659 
.698 
.730 
.749 
0.005 
.006 
.007 
.008 
.009 
.010 
. 011 
. 012 
.013 
.014 
.015 
. 017 
. 020 
. 025 
. 030 
.035 
.on 
. 057 
.067 
. 0 ) 
.105 
.155 
.213 
0.005 
.006 
.007 
.008 
.009 
.010 
.011 
.012 
.013 
.014 
.01S 
.018 
.020 
.025 
.0:\5 
. 0;,(; 
.080 
· lOS 
. 13U 
· 1H2 
.180 
.205 
.230 
.255 
.280 
.305 
· :355 
.40(; 
.50., 
.755 
0.005 
.006 
.007 
. 008 
. 009 
.010 
.012 
.013 
.014 
. 015 
. 017 
.020 
.025 
.035 
.055 
.0 1 
.109 
.1 31 
. 155 
O. Of>6 
.061 
.07 
.080 
.135 
.166 
.203 
.214 
.242 
.2119 
. 301 
.365 
. 468 
.600 
.743 
59 
. 97 
I. 030 
I. 030 
I. 032 
1.0 
I. 036 
I. 036 
0.0 72 
.1 
091 
24 
74 
16 
.J 
.2 
246 
265 
287 
211 
.3 10 
27 
45 
65 
<J3 
.11 
ao 
14 
05 
61 
,10 
\15 
51 
.3 
.3 
. 3 
.3 
.4 
.. 1 
.6 
.7 
. 7 
.8 
.8 
. 9 
1.0 
998 
19 
0-l0 
59 
I. 
1.0 
I. 
1.0 
060 
6~ 
.1 1 
56 
1.0 
1.0 
0.029 
.030 
.OOfl 
.105 
. 140 
. 17.) 
. 196 
. 212 
. 220 
.230 
. 251 
.27l 
.301 
.329 
. 396 
.455 
.510 
.549 
.58 1 
0.113 
· 104 
.131 
.137 
. 163 
. 195 
. 236 
.250 
. 279 
.330 
.33 
.413 
.505 
.640 
.774 
1. 003 
I. 070 
1.061 
I. 057 
1.067 
1.068 
I. 073 
0.207 
.226 
.260 
.307 
.34 
.378 
.394 
.409 
.423 
.436 
. 463 
.474 
.400 
.525 
.577 
· (;60 
.746 
· 38 
.89 1 
.979 
I. 022 
1.080 
I. 123 
I. 146 
I. 162 
I. 186 
I. I 3 
1.1 I 
1.1(;(; 
1. 161 
0.140 
.142 
· 179 
.21.) 
.252 
.287 
. :308 
.32-1 
. 331 
.3·11 
.362 
.384 
.415 
. 442 
. 510 
.569 
.624 
.664 
.698 
0.325 . 
.3) 1 
.349 
.358 
. 390 
. 426 
. 47 1 
.4 5 
.511 
.555 
. 563 
.622 
.686 
.775 
.851 
.911 
.970 
.999 
. 997 
.995 I 
.999 
1.000 I 1
0.417-1 
.436 
. 473 
509 
.5H 
.565 
.575 
· 7 
.596 
.605 
.624 
.634 
.643 
.666 
.698 
.746 
. 793 
· 40 
· 6.) 
.9 11 
.9211 
. 955 
.974 
.9 1 
.992 
1.000 
1.000 
1.000 
.993 
.990 
0. 345 
. 3.,0 
. 39 1 
.428 
.464 
.495 
.513 
. 527 
.533 
.~O 
.557 
.575 
.595 
.616 
. 661 
.69 
.73 1 
.755 
. 775 
I 
I 
I 
I 
MEASUREMENTS OF FLOW I N no DARY LAYER OF A 1/40-SCALE MODEL OF U. S. AIRSHIP "AKRON" 
Average g.=25.61b./sq. ft . 
y II !L E:. incb q. q. u. 
- --
---
-----
0.205 O. fJ80 0.800 0. 829 
.305 26 .947 .904 
.356 5 1. 005 .928 
.405 .943 1.061 .954 
.455 .992 1.112 .977 
.505 1.023 I. 143 .990 
.555 1.04 1. 160 .999 
.656 1.061 I. 169 1.001 
05 1.061 1.167 1.001 
1. 005 1.0/)\ I. 102 .9'.JIl 
0.005 0.095 0. 163 0.379 
.006 . 101 .169 .386 
.007 .134 .202 .422 
.008 .162 .228 .449 
.009 .184 .24 .469 
. 010 .195 .262 .4 1 
. Oll .212 .279 .49 
.012 .223 .28i .505 
.013 .234 .300 .515 
.014 .235 .301 .516 
.015 .244 . 31l .525 
.017 .261 .328 .539 
.020 .274 .341 .550 
.025 .290 .358 .561 
. 035 .31 . 3 6 .583 
.055 .367 .440 .62·1 
.080 .426 .500 .665 
.105 . 479 .555 .700 
.155 .531 .612 .735 
. 205 .592 . 6iZ .770 
.355 .743 23 .852 
.505 2 .960 .922 
.555 . 931 1.007 .944 
.757 I. 033 I. 101 .986 
. 807 l.041 I. 110 .991 
.855 1.05i I. 127 .99 
.910 1.05-1 1.120 1.008 
.955 I. 062 I. 127 1.000 
1.005 1.071 1.146 1.008 
. 705 1.013 1.0S1 .978 
.655 .9 0 l. 052 .964 
.605 .952 1.02·\ .955 
0.005 0.110 0.175 0.395 
.006 .124 .191 .415 
. 007 .1.19 .2 10 .439 
.008 .175 .230 . 455 
.009 · 1!10 .245 .466 
. 010 .211 .266 .4 
. 011 .216 .274 .494 
.012 .230 .2S4 . ,10-1 
.013 .2:14 .291 .510 
.014 .236 .289 . 508 
.015 .248 .304 .520 
.017 
· <59 .315 .530 
.020 .276 .331 .542 
.025 .297 .352 .560 
.035 · :126 .377 .579 
.050 .368 .420 .611 
. 075 .411 .466 .615 
.105 .451 .508 .674 
.205 .55.1 .609 .739 
.405 .730 .784 38 
.605 39 '9 93 
.805 .975 I. 017 . 955 
.905 1.00s I. 047 .966 
1.006 1. 031 1. 072 .9.3 
I. 107 I. 051 1. 093 . gh8 
1. 205 I. 059 1.097 .990 
1.506 1.071 J. ll2 1.000 
2.005 1.064 1. 103 .994 
2.105 1.008 1.10 .996 
2.205 I. 068 1.106 .99 
T ABLE I- Continued 
T ATI ON 2-Continuecl 
g.=19 .0 Ib./sq. It . 
11 IT !L " incb -go q. u. 
------------
0.155 0. 582 0.700 0.771 
. 205 .677 .799 24 
.255 .756 77 64 
.305 1 . 939 93 
.355 .854 .92 .915 
.405 . 944 1.060 .950 
.455 . 993 1.111 .973 
.505 I. 031 1.136 .982 
.555 1. 046 1.161 . 998 
.617 1.059 1.1i3 .909 
.705 1.064 1. 173 1.000 
05 1.060 1.167 .996 
1.005 1.059 1.163 .996 
ST ATIO I 3 
'/L=0.317 
6=0.95 inch 
0.005 0.093 0.160 0.375 
.006 
· 09.J .162 . 378 
.007 .120 .1 .405 
.00 .146 .214 .432 
.009 .1 3 .248 .466 
. 010 .215 .281 .49 
.011 .213 .276 .497 
.012 .221 .286 .503 
. 013 .233 .2<J8 . 512 
.014 .240 .304 .520 
. 015 .244 .309 .522 
.017 .257 .321 .534 
.020 .271 .335 .544 
.025 .285 .351 .556 
.036 .320 . 389 .586 
.055 .367 . 440 .624 
.080 .422 .49 .660 
.105 . 453 .529 .680 
.155 .525 .605 .726 
.205 .580 .661 .761 
.305 .674 .752 15 
.405 .7 2 .860 
.505 .935 
.555 .905 .9 1 
.609 .955 1.027 
.655 .977 I. 043 
.705 .999 1.008 
.755 1.031 l. 102 
I. 041 1.111 
.905 1.064 1. 133 
1.005 I. 061 1. 129 
1.205 1.059 1. \27 
1.506 1.061 1.123 
'TATION 4 
'/L=O.4IX) 
6 = 1.35 inches 
0.005 0.100 0.162 I O. 1 .006 .11 .Ihl .403 
.007 .140 .203 .427 
.008 .165 .219 · 4~1 
.009 · 1~5 .241 .465 
.010 
· lY2 .24 .470 
.011 .20S .262 .400 
. 012 .220 .276 .49, 
.013 .232 .2S6 .5m! 
.014 .228 .2S2 .504 
.015 .237 .291 .511 
. 016 .245 .297 .516 
.017 .252 . 3m! .527 
.018 .247 .306 .519 
.U"20 .268 .32'2 .5.19 
.022 .274 .330 .545 
.025 .2S6 .337 .550 
.030 .303 .356 .564 
.040 .330 .3ls2 · 5~4 
. 056 .374 .427 .617 
.OSO . 414 .46b .650 
.105 .440 .493 .666 
.1 1 .526 .5 1 .723 
.305 · C,lO .6SG .75·1 
.455 .736 .7S5 39 
.605 46 .95 96 
55 .9 9 1.033 .963 
.955 I. 011 I. 053 .9il 
Los.; I. 049 J.0!l0 · 990 
I. 305 I. 071 1. 109 .99 
I. 505 1.068 I. 102 .995 
1. 706 1.071 1. 106 · P97 
.705 • gOO . P53 · 9~4 
g.=12.5Ib ./sq. fL. 
11 II !l. E:. incb -q. q. u. 
------------
0.205 0.660 0.777 O. 17 
.255 .739 57 56 
.305 09 . 928 91 
.355 .864 .981 .916 
.405 . 936 1.053 .950 
.455 . 981 1.097 .978 
.505 1. 017 1. 133 .986 
.555 1.044 1.159 .998 
.605 I. 046 1. 159 . 998 
.661 1.053 1. 163 .999 
.706 1. 057 1. 166 1.001 
.805 1.058 I. 167 1.000 
1.005 1. 057 1.162 .9'J8 
0.005 0.136 0.346 
.006 .144 .349 
.007 .172 .389 
.008 .209 .430 
.009 .217 .439 
.010 .239 .460 
.011 .2M .472 
.012 .269 .488 
.013 .281 .497 
.014 .282 .501 
.015 .289 .506 
.01i . 310 .523 
.020 .325 .537 
.025 .345 .552 
.036 .380 .580 
.055 .4 9 .616 
.080 .471 .647 
.105 .515 .675 
.155 . '- 3 .705 
.205 .655 .762 
.280 .729 .803 
.355 .794 
.430 77 
.510 .940 
.555 .9 
.605 1.006 
.655 1.05l 
. 70s 1.062 
.759 I. 092 
.808 1. 117 
.855 I. 116 
.905 1.132 
I. 016 I. 130 
1.205 1.133 
1. 505 1. 131 
I 0.005 I O. Ql,3 I 0.116 0.306 I .006 .O'J7 . 15\1 .379 .007 .122 .1 .4 12 
.00h .137 .llltl .421 
.009 .143 .206 . 433 
.010 . 170 .2'24 .451 
.011 . lii .22'3 . 457 
.012 .199 .24 .474 
.013 .202 .256 . 4 '2 
.015 .216 .269 . 479 
.019 .211 .265 .490 
.021 .236 .2!(9 .511 
.025 .256 .311 .531 
.030 .27fJ .328 .544 
.035 .28X .3 10 .550 
.045 .324 .375 .5S3 
.055 .357 .109 .610 
.OSO .3ls7 .442 .633 
.105 .436 .\~ .666 
.156 
I 
.470 .520 .691 
.205 .531 . 5S~ .730 
.257 .575 .629 .745 
I 
.305 .051 .705 • 'SOO 
I .405 .690 .7 12 20 
.505 .760 11 .855 
.655 71 .91 .008 
.S09 .955 1.903 .952 
1.005 1. 031 1.077 .990 
I. 20.1 1.06 1. 103 l.00t 
I. 406 1.062 1. 103 1.000 
I. 505 1.062 1. 104 1.000 
I. 705 1. (l58 1.095 .998 
1. 905 1.062 1. 104 1. 012 
13 
14 R K PORT NA'l'TO ATJ ADVISOR OMMl'l"l'EE FOR AERONAU'I'T S 
Average q.=2Ii.6Ib./sq . ft. 
V II !L ~ incb -q. q. u. 
--- --------
0.005 0.067 0. 123 0.334 
.006 .OS2 .136 .351 
.007 .129 .1 3 .407 
.008 .166 . 220 .445 
.009 .1 3 .237 .462 
.010 .193 .247 .472 
. OIL .207 .260 .4 6 
.012 .21 .270 .495 
.013 . 2~4 .27 .500 
.014 .232 .~4 .509 
.015 . 245 .299 .520 
.017 .252 .306 .525 
.020 .272 .325 . 543 
. 025 .284 . 339 .553 
. 035 .318 .375 2 
.045 . 346 .405 .605 
.055 . 362 .423 .61 
.105 .4<12 .507 .677 
. 155 .r;oo .565 . 71.5 
. 205 .537 .602 .738 
.405 .662 . 726 LO 
.606 .780 36 . S70 
.809 73 .924 .914 
I. 005 . 9'13 .992 .917 
1.200 1. 003 1.059 . 974 
1. 405 
--------- --------. 
---:992'-I. 405 1. 0·1, 1.09 
1. 505 1. 049 1.092 . 993 
l. 605 1.060 1.105 l.001 
I. i05 1.06a 1. 107 1.001 
1. 907 1.061 I. 105 1.001 
2.205 1. 061 1.102 .999 
2.505 1. 06 1 1.104 1. 001 
3.005 I. 058 1.10 1 1.000 
0. 005 0.063 0.136 0.347 
.006 .066 .140 . 353 
.007 .082 .155 .371 
.00 . 121 .195 .416 
.009 .14 .221 .443 
.010 .157 .229 . 451 
. Oll .177 .249 . 470 
.012 .189 . 262 .483 
.013 .200 .272 . 493 
. 014 .209 .2 1 .500 
.015 . 220 .292 .509 
.017 .231 .304 .520 
. 020 .244 .317 .530 
.025 .259 .335 .545 
.037 .290 . 3b6 .571 
.055 .345 .405 .612 
.085 .400 .478 .652 
.105 .424 .503 .667 
. 155 .475 . 554 .702 
. 205 .519 . 600 .731 
.305 .584 .665 .769 
.605 .656 .733 08 
.706 .778 60 71 
.907 .856 : 924 : 907 
1.215 . 952 1. 013 .951 
1.405 1. 009 1.068 .977 
1. 505 1.020 1.086 .984 
1. 605 1.028 I. 019 .9 7 
1. 700 I. 057 1.120 1.000 
1. 55 1. 060 1. 125 1.000 
2.005 I. 060 1. 124 .996 
2.506 1.068 1.132 1. 000 
0.005 0.038 0.110 0.313 
.000 .0·19 .123 .331 
.007 .078 . 153 .368 
. 008 .117 .191 . 413 
.009 .124 .198 .421 
.010 .146 .220 .443 
. Oll . 157 .232 .452 
.012 .171 .246 .467 
. 013 . 182 .257 .47 
. 014 . 190 .265 . 4 6 
. 015 . 198 .272 .493 
. 017 . 210 . 284 .603 
T A BLE I-Continued 
V 
incb 
---
0.005 
.000 
.007 
.008 
.009 
.010 
.011 
.012 
. 113 
.014 
.011\ 
.017 
.020 
.025 
.035 
. 055 
.080 
.105 
.155 
.205 
.306 
.505 
.705 
.905 
1.105 
I. 205 
1. 306 
1. 406 
1.505 
1. 755 
2.005 
2.505 
0.005 
. 006 
.007 
.008 
.009 
. 010 
. 012 
.013 
.014 
. 015 
. 016 
.018 
.021 
.025 
.038 
. 055 
.083 
.106 
.155 
.205 
.305 
. 505 
.706 
.908 
1.105 
I. 305 
1. 507 
1. M5 
L 70s 
I 
1.855 
2.005 
2.505 
0.005 
. 000 
.007 
.00 
. 009 
.011 
.012 
.013 
. 014 
.015 
. 01 
.020 
,-;TATION 5 
"/L=O.50b 
S=1.71 i"C/"~ 
q.=19.0 Ib./sq. ft. 
II !L 
-q. q. 
------
0.054 0.107 
.077 .132 
.105 .160 
.136 .191 
.160 .211 
.185 .23 
.200 .254 
.20 .263 
.215 .270 
.:m .:Illl 
.2H 
· :illY 
.215 .302 
.257 .3 1'1 
. 282 .340 
. 313 .372 
.356 .-117 
.397 .460 
.431 .495 
.43 .552 
.527 .595 
.593 .660 
.698 .763 
.80 
· Se8 
.910 .966 
.971 1.024 
1. 021 1.077 
l. 031 1. 084 
I. 042 1. 097 
1. 046 1. 097 
1.0:;8 1. L09 
1. 058 1. III 
1. 059 1.112 
ST ATIO 6 
·IL=0.590 
6=1.93 incbes 
0. 051 0. 121 
.061 .132 
.09 .161 
.126 .196 
.141 .211 
.160 .231 
. 1 3 .254 
.199 .208 
. 201 .270 
.216 . 288 
. 217 .290 
.226 .299 
.238 .310 
.254 .326 
.294 . 367 
.330 .403 
.378 .454 
. 419 .496 
.458 .536 
.50b .586 
.579 .658 
.584 .759 
.772 .844 
.836 .906 
.921 .986 
.976 1. 040 
I. 026 1.091 
1. 027 1. 091 
1. 033 1. 094 
1.051 1.116 
1. 055 1.118 
1. 058 1.119 
TATION 7 
"/L=0.679 
S=2.33 inches 
0.031 0.107 
. 042 
· lJ7 
.073 .147 
.102 .176 
.128 .202 
.160 .224 
.161 .235 
.174 .24 
.1 7 .261 
. 1 9 .262 
.202 .276 
.210 .283 
" u. 
---
0.310 
.344 
.379 
.413 
.435 
.46:1 
.477 
.4 (I 
· ·193 
.502 
.510 
.521 
.531 
. 552 
. 579 
.6 11 
.644 
.666 
· ,04 
.732 
.770 
.828 
.884 
.933 
· P55 
.06 
.977 
.9S 
.991 
· 99~ 
.996 
.996 
0.331 
.344 
.3 0 
.419 
.435 
.455 
.476 
.490 
.490 
.506 
. 509 
.516 
. 526 
.540 
.574 
.601 
. 63 
. 667 
.693 
.725 
.766 
.825 
68 
.900 
.938 
.962 
.987 
.9 
.9 
.997 
· \J99 
1.009 
0.309 
.320 
.362 
.396 
.424 
.446 
.456 
.467 
. 478 
.482 
.494 
.601 
q.=12.5 Ib./sq. ft. 
y II 
incb -Q. 
------
0. 005 0.037 
.000 .056 
.007 .076 
. 00S .115 
.009 .134 
.010 . 169 
.Oll .177 
.012 .1\12 
.013 .201 
.014 .210 
.015 .220 
. 016 .228 
.017 .23d 
.020 .241 
.025 .266 
.037 .294 
.055 .341 
.080 .390 
.107 .415 
.155 . 473 
. 205 .519 
. 305 .586 
.505 .694 
.705 00 
.905 : 8R6 
1.105 . 968 
I. 205 .966 
1. 305 1. 021 
1. 405 l. 040 
I. 505 1. O~9 
I. 755 1. 055 
2.005 1. 059 
2.505 1. 059 
0.005 0.033 
.006 . 040 
.007 .063 
.00 .093 
.009 .123 
. 010 . 141 
.011 . 160 
.012 .171 
.013 .1 6 
.014 .193 
.01.5 .200 
.017 .207 
.021 .230 
.026 .248 
.035 .274 
.055 .315 
.080 .364 
.107 . 391 
.157 .472 
.209 .506 
.305 .543 
. 508 . 658 
.705 . 75.1 
.906 .833 
1.105 .915 
1. 358 .9 5 
1. 455 1.003 
1. 557 I. 039 
1. 655 1. Q.14 
1. 05 1.050 
2.005 1. 051 
2.605 1.064 
O. 005 0.014 
006 .030 
007 .052 
008 .083 
009 . J09 
.0 10 .119 
.0 11 .137 
. 0 12 .152 
. 0 13 .159 
.0 14 . 168 
.0 15 .178 
. 0 17 .190 
!L 
Q. 
---
0. 095 
.113 
. 134 
.171 
.IR9 
. 224 
.232 
. 251 
.261 
.26g 
.270 
.288 
.295 
.301 
· ~26 
• R54 
.405 
. 455 
.481 
.542 
.586 
.652 
· 75~ 
.862 
· 9~4 
1. 020 
1. 050 
1. 077 
1. O'J4 
1.100 
1. 1(1) 
1. 11:1 
1. LI S 
0.105 
. 113 
.136 
.166 
. 196 
.214 
.233 
.243 
.257 
.265 
.273 
.280 
.303 
.323 
.348 
.389 
.439 
.469 
. 560 
.584 
.623 
.745 
.825 
.901 
.983 
1.050 
1.008 
1.101 
I. 110 
1. 110 
1. 117 
1.128 
0.086 
. 104 
.126 
.157 
.184 
.192 
.211 
. 225 
. 232 
.242 
.251 
.263 
~ 
u. 
---
0.294 
.31 
.34 
.392 
.4 13 
.450 
.457 
.4,6 
.4<05 
· 4~2 
.495 
. 50S 
.516 
.522 
.542 
.565 
. 602 
.640 
.659 
.700 
. 727 
.76R 
27 
:882 
· 92~ 
· 95~ 
.972 
.9 6 
.992 
.995 
1.000 
1.000 
1.001 
0.309 
. 320 
.351 
.388 
.421 
.438 
.455 
.467 
.480 
.489 
.496 
.502 
.523 
. 540 
.560 
. 592 
.629 
.650 
. 704 
.725 
.748 
.818 
61 
: 901 
.941 
.972 
.9 1 
.995 
.999 
1.000 
1.000 
1. 007 
0.270 
. 304 
.336 
.375 
.405 
.417 
. 436 
. 452 
.460 
. 467 
. 476 
. 487 
~ 
I 
I 
I 
\ 
.1 
MEASUREME 'I'S OF FLOW J RO NDARY LAYER OF A 1/40-SC J,E MODRJ, OF U. S. ATRRJTTI' "AKRON" 15 
---I Average q.=25.6 Ib./sq. ft. 
11 11 !l .!! incb -q. q. III 
------------
0.021 0.226 0.300 0.51 
.025 .241 .315 . 530 
.035 .272 . 318 .556 
.056 .314 . 390 .589 
. OS5 . :l67 . 445 .629 
.120 .407 . 486 .659 
.156 . 437 .518 .080 
.205 . 480 .560 .707 
.405 .574 .65.3 .763 
.656 .698 .772 30 
.905 .804 .875 6 
I. 205 .898 .967 .929 
1. 505 . 959 1. 024 .955 
1.655 1.001 I. 069 . 97 
1 05 1. 024 1. 090 .9 
2. 005 1. 0~5 1.110 . 998 
2.305 1.053 I. 118 1.000 
2. 605 1.053 1. 118 1.000 
3. 005 1. 057 1.122 1. 002 
------
0.005 0.057 0.095 0.295 
.006 .064 .101 . 303 
.007 .OS5 .121 .333 
.008 .116 .152 .373 
.010 . 146 . 183 .4OS 
.011 .157 .194 .422 
.012 . 165 .202 .429 
.013 .179 .215 .445 
.014 .187 .224 .452 
. 015 .191 .228 .456 
.017 . 200 .236 .464 
.020 .210 . 248 . 475 
.025 .233 .269 .497 
.035 .255 .293 .516 
.056 .2 .326 .546 
.OS2 .327 .366 . 579 
.105 .355 .395 .599 
.159 .398 .439 .631 
. 206 .427 .468 . 653 
.406 . 551 .593 .734 
.655 .636 .672 .7 5 
.905 .727 .760 .836 
1. 205 .817 .850 2 
1. 506 3 .911 : 913 
1.605 : 907 .935 .925 
1. 805 .948 .975 .947 
2.005 .988 1. 021 .965 
2.206 .992 1. 020 . 968 
2.405 1. 020 I. 013 .980 
2.700 1.057 I.OS9 .997 
3.005 I. 057 1. OS9 .997 
3.506 1.056 1.088 1.003 
0.005 0.062 0.246 
.006 . 076 .273 
.007 .092 .299 
.008 .104 .31 
.OO'J .126 . 350 
.010 .132 .3.19 
• OIl . 140 .372 
.012 .146 .37 
.013 .157 .392 
.01.1 .1 66 .403 
.017 .171 .409 
.020 .181 . 424 
.025 .193 .434 
.035 .210 .452 
.059 .250 .494 
.107 .293 .540 
.205 .34 .581 
.405 .431 .649 
.655 .502 . 090 
.905 .571 .748 
1. 205 .640 .790 
1. 705 .748 .854 
2.205 .831 .900 
2.711 .902 .937 
3.205 .955 .964 
3.705 1.012 .994 
4.005 I. 012 .994 
4. 305 1.017 .996 
4.705 1. 025 1.000 
5.005 1. 025 1.000 
TABLE 1- oniin ll cd 
STA TIO N 7-Coniillucd 
11 
incb 
---
0.025 
.035 
.055 
.OSO 
.108 
.155 
.205 
.405 
.656 
.911 
1. 205 
I. 505 
1. 605 
I. 705 
1.805 
2.005 
2.30'J 
2.609 
3.005 
0.005 
.006 
.007 
.008 
.009 
.010 
. 011 
.012 
. 013 
. 014 
.015 
.01 
.021 
.027 
.036 
.055 
.080 
.106 
.156 
. 205 
.405 
.655 
.905 
1. 305 
I. 507 
1. 705 
1. 905 
2.105 
2.405 
2.705 
3.005 
3.705 
0.005 
. 006 
. 007 
.008 
. 009 
.010 
.011 
.012 
.014 
.017 
.020 
.025 
.036 
.055 
.105 
.206 
.410 
.656 
.905 
1. 206 
1.605 
2. 005 
2.506 
3.008 
3.510 
4.011 
4.302 
4.610 
5.012 
5. 405 
q.=19.0 Ib./sq. ft. 
1I !l 
-q. q. 
------
0.228 0.302 
.255 .330 
.315 .392 
.351 . 428 
.390 .458 
.420 .497 
.478 .559 
.586 .665 
. 694 .764 
.793 · R61 
.886 .953 
.971 I. 039 
. 976 I. 043 
I. 007 1.073 
I. 017 I. OS2 
I. 034 1. 103 
1.058 I. 125 
1.068 1.137 
1.068 1.137 
TATION 8 
aIL=0.775 
5=3.17 incbes 
0.055 0.091 
.058 .095 
.073 .110 
.099 .136 
.123 .160 
.136 .173 
.145 
· I 2 
.155 .190 
.165 .200 
.176 .213 
.1 6 . 224 
.197 . 234 
. 211 .24 
.223 .261 
.244 .283 
.286 .325 
.307 .347 
.354 .394 
.386 .425 
.416 .45 
.529 .570 
.621 .661 
. 701 .734 
17 50 
.867 97 
.935 : 963 
.951 .979 
.9 2 1.010 
1. 028 1.050 
1.050 I.OS0 
1.050 1. 079 
1. 063 1.093 
".rATION 9 
a/L=0.869 
6=4.67 inches 
0.103 0.059 
.114 .071 
.131 . 090 
.143 . 100 
.157 .114 
.163 .1 20 
.175 .133 
.1 3 .141 
. 199 · I-
.206 .165 
. 210 .176 
. 221 .179 
.247 .2OS 
.264 .220 
.314 .279 
.371 .339 
.451 .419 
.528 .494 
.596 .558 
.644 .604 
.750 .711 
31 .793 
: 919 · '7 
.997 . 955 
1. 025 .95 
1. 051 1.008 
1.061 1. 020 
1.0- 1.01 
1. 065 1. 023 
1. 065 1.023 
~ 
u. 
---
0.516 
. 539 
.501 
.614 
.641 
.665 
.703 
.76 
. 820 
72 
.920 
. 956 
.963 
.975 
.9 4 
. 989 
.994 
.999 
1.001 
0.290 
.296 
.31 
.354 
.385 
.401 
.411 
.418 
.430 
.444 
.454 
.466 
.479 
.491 
.510 
.546 
.562 
.605 
.627 
.651 
.729 
.7 5 
20 
5 
.906 
.945 
.953 
.909 
.983 
1.000 
.997 
1.000 
-- - -
q.= 12.5Ib./sq. ft. 
11 II !L ~ incb -q. q. UI 
0.021 0.211 0.284 0. 507 
.026 .233 .306 .527 
.037 .253 .328 .546 
.056 .300 .374 .5R2 
. OS3 .341 .416 .612 
. 106 .365 .441 .631 
.156 .423 .502 .671 
. 209 .461 .5.39 .697 
.405 . 577 .655 . 766 
.607 .666 .742 15 
.905 .776 .847 : 869 
1. 205 79 .94 .921 
1. 505 : 942 1.006 .951 
1. 605 .987 1.052 .966 
1. 705 .96 1. 051 .971 
1. 805 1.016 I.OS2 .978 
2. lOS 1. 047 1.113 .991 
2. 405 1. 056 1.123 1.000 
2.705 1.060 1.124 1.000 
3.005 1. 062 1.126 1.000 
I 
0.005 0.032 0.067 0.21;0 
.006 .047 .OS3 .290 
.007 .Olil .088 .2 0 
.OO'J .101 .136 .355 
.010 .111 .146 .36 
.Oll .125 .161 .385 
.013 . Ifit .1 7 .4Hi 
.014 .1 56 .193 .422 
.015 .16 .204 .434 
.017 .179 .214 .446 
.020 .193 .220 .460 
.027 .211 .246 .47 
.038 .230 .264 .495 
.055 .260 .296 . 523 
.OSI .294 .332 .555 
.105 .326 .363 .5 1 
.165 .370 .409 .616 
.215 .4OS .444 .643 
.415 .505 .545 .711 
.655 . 594 .632 .767 
.905 .699 .730 22 
1.205 .760 . 797 1 
1.507 50 2 :903 
1. 755 70 .907 .917 
2.01 .954 .983 .950 
2.255 .996 1.026 .97 
2.508 1. 017 I. 043 .9 7 
2.755 1. 041 1.008 .994 
3.013 1.053 1.070 .999 
3.515 1. 053 1.070 1.000 
0.005 O.OH 
.006 .056 
.00 .07 
.009 .083 
.011 .110 
.012 .121 
.013 .120 
.014 .137 
.015 .115 
.017 .152 
.020 .161 
.025 .li6 
.035 .190 
.965 .234 
.114 .254 
.211 .344 
.407 .39 
.053 .476 
.906 .54 
I. 204 .629 
1.605 . 6 7 
2.005 .772 
2.507 76 
3.010 : 915 
3.605 1. 001 
4.006 1. 001 
4.305 1.002 
4.607 1.010 
5.005 1. 017 
5.510 1. 013 
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Positive directions of axes and angles (forces and moments) are shown by arrows 
Axis I Moment about axis Angle Velocitics Force (parallel Linear I 
Designation Sym-
to axis) Sym- PositiYe Designa- Sym- (compo-
bol symbol Designation bol direction tion bol nent along I Angular 
axis) 
LongitudinaL __ X X rolling _____ L LatcraL __ _____ Y Y pitcl;ing ___ _ M 
KormaL ______ Z Z yawlllg __ __ _ N 
Absolute coefficients of moment 
L M N 
0 1 = qbS Om = qcS On = gbS 
! 
Y--4Z roIL _____ cp u p 
Z----> X pitch _____ e II q 
X----> Y yaw _____ 
'" 
w T 
J 
Angle of set of control surface (relative to neu-
tral position), o. (Indicate surface by proper 
subscript.) 
4. PROPELLER SYMBOLS 
D, 
p, 
p/D, 
"V' , 
V., 
T, 
Q, 
Diameter. 
Geometric pitch. 
Pitch ratio. 
Inflow velocity. 
Slipstream velocity. 
Thrust, absolute coefficient OT= fD4 pn 
Torque, absolute coefficient OQ= pn~D5 
P, Power, absolute coefficient Op= fD5' ph 
~pF5 Os, Speed power coefficient= Pnz' 
1], Efficiency. 
'fl., Revolutions per second, r. p. s. 
<I>, Effective helix angle=tan-1 (2:rn) 
5. NUMERICAL RELATIONS 
1 hp = 76.04 kg/m/s = 550 Ib./ft./sec. 
1 kglmls = 0.01315 hp 
1 mi./hr.=0.44704 m/s 
1 mls = 2.23693 mi./hr. 
1 lb. = 0.4535924277 kg. 
1 kg=2.204G224 lb . 
1 mi. = IOOD.35 m = 5280 ft. 
1 m=3 .2808333 ft. 
